Abstract
INTRODUcTION
In 'novel' plant communities where biological invasions, land use change and climate change are driving shifts in community diversity and structure, a mechanistic understanding of community-level diversity patterns can provide important insights into how communities are likely to change or persist over the long term (Hobbs et al. 2009; MacDougall et al. 2009; HilleRisLambers et al. 2012; Shea and Chesson 2002) . Interactions within and among species are commonly invoked as important determinants of local plant community structure in theoretical and observational studies (e.g. Mouquet et al. 2003; Spasojevic and Suding 2012) , and are well known to have diverse outcomes, ranging from negative (e.g. Dangremond et al. 2010; Goldberg et al. 2001; Hierro and Callaway 2003) to positive (e.g. Callaway et al. 2005; Soliveres et al. 2011; White et al. 2006; Wootton 1994) . Still, experimental evaluation of their realized importance to long-term coexistence and stability of natural plant communities has not kept pace (Siepielski and McPeek 2010) .
Experimental investigation of local scale species interactions can provide important insights into how plant communities persist following environmental change. For example, measuring the impacts of exotic species on native species over small spatial scales is key for determining the contribution of local interaction dynamics to exotic spread and persistence relative to other factors such as abiotic disturbance (MacDougall and Turkington 2005) . Much research has been devoted to describing attributes of exotic species that may underlie their success as invaders, including traits and life history strategies that differ from the native recipient community (Pysek and Richardson 2007; van Kleunen et al. 2010) , particularly traits that enable competitive exclusion of native species (Vila and Weiner 2004) . There are cases, however, where exotic species that persist in recipient communities are not associated with declines in native species diversity (Harrison et al. 2006; Levine 2000) , even at small spatial scales (Lai et al. 2015) , though these examples are less frequent than those invoking competitive exclusion.
Indeed, mounting theoretical and observational evidence has recently challenged the perception that exotic species exert predominantly negative impacts on native species diversity (Davis et al. 2011; Melbourne et al. 2007 ). For example, in a species-rich, phosphorus-limited annual plant system in Western Australia, Lai et al. (2015) found that exotic species ranged dramatically in their associations with native species richness at neighbourhood scales. Specifically, they found evidence of two distinct 'types' of exotics in this system: (i) 'exploiters', which occupied high positions along community trait hierarchies and were negatively associated with native species richness, especially under artificially P-enriched conditions and (ii) 'coexisters', which occupied intermediate positions along trait hierarchies, did not respond (or responded negatively) to P enrichment, and were neutrally or positively associated with native richness (Lai et al. 2015) . A third group of exotics had no significant relationships with native richness or P (referred to by Lai et al. (2015) as 'other'), which we refer to here as 'eccentrics'. Though these findings underscore the growing awareness that not all exotic species have direct negative effects on resident natives (Davis et al. 2011) , the mechanisms underlying these varied relationships have yet to be explored experimentally.
Past experiments designed to quantify the contributions of local scale species interactions to plant diversity maintenance have been criticized for failing to incorporate natural variation in plant densities (Damgaard 2008) . These criticisms stem from the potential for nonlinear responses to changes in community density, which occur commonly at small scales in natural systems (Damgaard 2008 ; but see Levine et al. 2008) .
The density of individuals in a community, along with species composition, may determine outcomes of competitive interactions that are critical for coexistence. For example, the magnitude of interspecific versus intraspecific competition among annuals may vary with total density depending on the life history stage examined (Leger and Espeland 2010) , driving distinct outcomes of these interactions across locations and species combinations.
Using experimental communities, we varied species composition and density to explore the competitive dynamics of three common exotic and one common native species that regularly co-occur in the York Gum woodlands of southwest Western Australia. Each exotic represents one of the distinct invasion strategies identified in Lai et al. (2015; exploiters, coexisters and eccentrics) contributing to different processes that culminate in these diverse novel communities. We start with the prediction that the exotic exploiter species will be competitively dominant when grown with interspecific competitors (native or exotic), exerting particularly strong negative impacts on the native forb species. By contrast, we expect the exotic coexister to have weak interspecific competitive effects on the native species. Finally, given the eccentric exotic species' lack of consistent association with native species in this system (Lai et al. 2015) , we expect that it will have weak or intermediate negative impacts on the native forb across the experimental density gradient. The specific questions we ask are:
(i) Do different types of exotic species have predictable responses to intraspecific and interspecific competition based on observed associations with native species diversity in the field? (ii) How important is plant density in determining competitive outcomes for these distinct species types?
MATERIALS AND METHODS

Assembly of experimental communities
Experimental communities were made up of winter annual species commonly found in the understory of York gum (Eucalyptus loxophleba)-jam (Acacia acuminata) woodlands in southwestern Australia. This community type was formerly widespread, but extensive land clearing for the region's agricultural industry has resulted in fragmentation and degradation of remaining communities, particularly due to invasion by exotic annual grasses and broadleaf weeds (Dwyer et al. 2014; . Four commonly co-occurring York gum-jam woodland annuals (supplementary Fig. S1 ) were planted in monocultures, two-species, or three-species mixtures at different densities to assess competitive outcomes among growth forms and origins along a gradient of density. Species were chosen because they are some of the most common native and exotic representatives of their growth form and (for exotics) invader 'strategy' in York gum-jam understory annual communities, and because they are commonly observed to co-occur at local scales in natural communities (Lai et al. 2015) . The species identities were as follows: native slender erect herb Waitzia nitida (Asteraceae), exotic rosetted herb Hypochaeris glabra (Asteraceae; 'eccentric'), robust exotic grass Bromus madritensis (Poaceae; 'exploiter') and diminutive exotic grass Pentameris airoides (Poaceae; 'coexister'). The experimental mixtures consisted of all pairwise combinations of the native, the 'exploiter' and 'eccentric' exotics, as well as a mixture containing all three of these species (supplementary Table  S1 ). We included an additional two-species pair of the native and 'coexister' to enable comparisons of competitive effects of the two exotic grasses (P. airoides and B. madritensis), which exhibit opposing invasion strategies. All communities were planted from seed at three density levels: low (21 individuals per pot), medium (51 individuals per pot) or high (81 individuals per pot) in pots with a surface area of 78.5 cm 2 . Each species mixture (n = 9) and density (n = 3) combination was, on average, replicated three times, for a total of 81 communities at the outset of the experiment, though four pots experienced poor germination and were discarded from all analyses (supplementary Table S1 ). The high-density treatment was chosen based on a preliminary pilot study comprising ecologically similar York gum-jam woodland annuals, in which 81 plants per pot created an environment of intense competition among individuals. The low-density treatment was chosen based on naturally occurring densities recorded in the field at peak biomass in 2011 (Dwyer et al. 2015) . Equal proportions of each species were planted in every mixture (ratios of 1:1:1 or 1:1) to examine competitive outcomes influenced by density as opposed to relative frequency.
Seeds were collected from mature plants in several York gum-jam woodland remnants in October 2011 and then underwent a four-week dry-after-ripening period at 40°C in a drying oven to alleviate physiological dormancy (important for a number of native Australian forb species; Hoyle et al. 2008) . All seeds were then stored in darkness at room temperature until planting. Seed viabilities were assessed according to procedures in the AOSA/SCST Tetrazolium (TZ) handbook (Miller 2010) and were used to estimate the number of seeds needed of each species to reach target densities in each treatment. Soil was obtained from The University of Queensland glasshouse facilities and closely resembled the texture and nutrient content of soil found in York gum-jam woodlands (<5.0 mg/kg plant-available P; Dwyer et al. 2015) . Seeds of component species were mixed evenly and scattered on the soil surface before the first watering. Each pot was hand-watered every four days during the first six weeks and every seven days thereafter (35 ml). Throughout the establishment phase, communities were weeded regularly to maintain prescribed plant densities.
Experimental communities were grown in two temperature-controlled growth chambers (ThermoFisher Scientific, Adaptis 1000) equipped with fluorescent tubes (c. 650 µmol m ) at The University of Queensland. Pots were randomized between both chambers every week to account for any potential growth chamber or shelf differences. Photoperiod was set to a 12 h cycle, and temperatures ranged from 17.0°C (day) to 7.0°C (night) based on mean winter temperatures typical of the central wheatbelt region in July (Bureau of Meteorology: http://www.bom.gov.au/climate/data/) when annual plants typically establish.
We assessed three components of performance for each of the four focal species across competitor and density combinations: survival, reproductive potential (proportion of plants flowering and flower count as opposed to seed production, as natural pollination mechanisms were absent in growth chambers) and mean biomass per individual. Survival and reproductive potential were recorded for each species in each community at the end of the experiment (c. 120 days). At this time, peak aboveground biomass had been reached and was harvested, separated by species for each community, and oven-dried for three days at 60°C before weighing.
Statistical analysis
Data analyses were conducted in R (v 3.1.2, R Core Team 2014) using packages lme4 (Bates et al. 2015) and nlme (Pinheiro et al. 2016) .
Species combination and density effects on plant performance were investigated for each species. Density was treated in models as categorical (low, medium, high) when modelling number of flowers per individual, and as a continuous variable when comparing mean biomass per individual, reproductive potential and survival. Treating density as a continuous variable accounted for instances where target densities were not reached (although equal proportions of each species were still maintained) and therefore comparisons of performance according to discrete density categories among species would not have been valid.
The proportion of individuals surviving at 15 weeks, as well as proportion of surviving plants with reproductive potential (having buds or flowers at 14 weeks) were analysed using generalized linear mixed effects models with binomial errors and logit link function, and pot specified as a random effect to account for over-dispersion (Elston et al. 2001) . Number of flowers per individual (for H. glabra and W. nitida only) were analysed using generalized linear mixed effects models with Poisson errors and a log link function, with plant nested within pot as a random effect to account for over-dispersion. Biomass data were ln-transformed to improve normality of residuals and analysed using linear mixed effects models with pot specified as a random effect to account for multiple observations per species within each community. For all models, two-way interactions among fixed effects were explored and removed if not significant
RESULTS
Survival responses to competition
Density dependence and competitor identity influenced focal species survival to varying degrees ( Fig. 1; supplementary Table S2 ). W. nitida survival was negatively density dependent in combination with all competitors; however, survival was highest across all densities when it was grown with P. airoides ( Fig. 1a; supplementary Table S2 ). Exotic forb H. glabra survival was particularly sensitive to increasing plant density when grown in mixture with W. nitida and B. madritensis ( Fig. 1b; supplementary Table S2 ). By contrast, B. madritensis survival was relatively unaffected by interspecific or intraspecific competition ( Fig. 1c ; see online supplementary Table S2 ) compared to other species in this experiment, though greater replication may have increased our ability to detect subtle density effects. However, B. madritensis mortality appeared to increase when grown in high-density mixtures of W. nitida and H. glabra (Fig. 1c) , though this was not significant (P = 0.52). Conversely, exotic grass P. airoides survival decreased when grown densely with W. nitida, relative to monocultures of similar density ( Fig. 1d; supplementary Table S2 ).
Reproductive responses to competition
Reproductive potential, measured as the proportion of initial individuals budding or flowering near the end of the experiment, did not mirror species survival responses to competitor identity and density ( Fig. 2; supplementary Table S3 ). No surviving W. nitida individuals invested in reproduction in the presence of B. madritensis. A reduced proportion of W. nitida individuals invested in reproduction when grown with H. glabra (P < 0.001). By contrast, a greater proportion of surviving W. nitida invested in reproduction when grown with P. airoides (P < 0.001) than in monoculture (Fig. 2a) . However, per capita flower count of W. nitida individuals was neither affected by community density nor competitor identity compared to low-density monocultures (supplementary Table S4 ). Compared to flowering in monoculture, H. glabra displayed significantly reduced reproductive investment when grown with B. madritensis (either alone or in three-species mixture with W. nitida; Fig. 2b ), but increased when grown with W. nitida alone (P = 0.009). Further analysis of flower count revealed that per capita flower production of H. glabra declined in high-density communities (P = 0.01), as well as communities containing both B. madritensis and W. nitida (P = 0.01) compared to low-density monocultures (supplementary Table  S4 ). The proportion of surviving B. madritensis that invested in reproduction was negatively density dependent overall (P < 0.001), and unlike the other focal species was greater in all polycultures than in monoculture ( Fig. 2c ; supplementary Table S3 ). Reproductive investment for P. airoides was not affected by density in monocultures but declined when grown in high-density mixtures with W. nitida (Fig 2d; supplementary Table S3 ).
Biomass responses to competition
Biomass responses to competition varied among species (Fig  3; supplementary Table S5 ). Biomass of surviving W. nitida individuals was not influenced by initial planting density (P = 0.89). However, W. nitida experienced reduced biomass in all competitor combinations that contained exotic grass B. madritensis (B. madritensis: P = 0.008, B. madritensis + H. glabra: P < 0.001; Fig 3a) Fig. 3b ) than in monoculture. Unlike W. nitida, the individual biomass of H. glabra and B. madritensis plants declined with increasing densities across all competitor combinations (all P < 0.001; Figs. 3b and c) . For B. madritensis, intraspecific competition reduced biomass per individual more than interspecific competition ( Fig. 3c; supplementary Table  S5 ). For P. airoides, neither planting density nor growing with W. nitida significantly influenced biomass of surviving individuals relative to monoculture (density: P = 0.69, W. nitida: P = 0.12), although the inability to detect relationships among these variables may have been due to low replication (Fig. 3d) .
DIScUSSION
Changes in the identity of species in competition mixes were generally more important than plant density for determining the relative strength of intraspecific versus interspecific competition. Across the four species, we observed a competitive hierarchy consistent with our initial predictions. The 'exploiter' exotic grass B. madritensis was the competitive dominant, as its survival was largely unaffected by competition and its biomass declined with increasing density independently of the identity of the competing species, followed by the 'eccentric' exotic forb H. glabra and the native W. nitida. In contrast to the two other exotics, 'coexister' P. airoides had only neutral or positive effects on W. nitida. Our study provides clear evidence of distinct competitive strategies and impacts of successful exotic species from the same novel community. Such details are important for gaining a holistic understanding of how invaded communities maintain large persistent populations of native species despite extensive invasion.
Exotic 'exploiter' B. madritensis
Consistent with our initial predictions, among the three focal species for which all 1-, 2-and 3-way combinations were tested (B. madritensis, H. glabra and W. nitida), we found a competitive hierarchy topped by B. madritensis. It is possible that W. nitida may be able to locally persist in the presence of B. madritensis or H. glabra provided that their field densities remain lower than those investigated in this experiment. In local patches where B. madritensis densities are naturally low, abiotic factors not tested in this experiment may contribute to invasion resistance . Natural densities, however, are often as high as or higher than those used in this study, especially in disturbed and P-enriched areas (Dwyer et al. 2015) . Thus, stable coexistence of these species is unlikely in natural assemblages, with the potential exception of areas in which low-nutrient microsites are far more common than P-enriched or disturbed microsites.
B. madritensis' consistently high survival in this experiment is not surprising given how successful the species is in most of its introduced range. Like many other exotic annual grasses, B. madritensis may grow and establish more rapidly than natives (DeFalco et al. 2003) and naturally forms dense swards (Salo 2004) , which may confer an advantage over native forbs such as W. nitida. Though not explicitly tested here, these results are consistent with the interpretation that this advantage may be mediated by competition for light (Dwyer et al. 2015) , water and nutrients (D'Antonio and Vitousek 1992). Furthermore, in natural systems, B. madritensis has the potential to promote positive feedbacks through alteration of disturbance regimes, particularly fire (D'Antonio and Vitousek 1992; Brooks 1999; Brooks 2000) . B. madritensis was not, however, immune to intraspecific competition. The species invested less in reproduction and individuals were smaller on average in high-density treatments, consistent with other studies of this species (Wu and Jain 1979) and its congeners (Lowe et al. 2003; Vasquez 2008) . Given B. madritensis' widespread success as an invader, it seems that its high survival is sufficient to offset density-dependent declines in biomass and reproductive output, at least in its invaded ranges. While the average size of B. madritensis individuals was reduced by crowding, individuals were still larger on average and more likely to invest in reproduction when grown in mixed stands than in monoculture. Overall, this suggests that B. madritensis was more negatively impacted by intraspecific than interspecific competition, though the absolute effects of either form of competition were small relative to those observed for other species in this study.
Exotic 'coexister' P. airoides
In contrast to B. madritensis, neither biomass nor reproductive investment of the diminutive exotic grass P. airoides changed significantly across the intraspecific density gradient explored in our experiment. Mortality, however, was similarly low in the highest density monocultures of this species, particularly when compared to mixtures of similar density containing native W. nitida. Positive intraspecific interactions have been demonstrated in both annual (e.g. Levine and HilleRisLambers 2009; Leger and Espeland 2010) and perennial species (e.g. Fajardo and McIntire 2011) and often result from the amelioration of environmental stresses outweighing the competitive effects of intraspecific aggregation. Environmental stress gradients were not imposed in this study, but it is possible that soils beneath denser P. airoides communities may have been more mesic due to reduced evaporation at the soil surface (Callaway 2007) .
Interestingly, for all densities of W. nitida, survival was higher when additional P. airoides plants were present in mixtures, suggesting that P. airoides may facilitate some natives in this system. Recently, more emphasis has been placed on the role that positive interactions play in structuring plant communities (Brooker et al. 2008) . The potential role of P. airoides as a facilitator has not been previously documented to our knowledge. Field surveys spanning the York gum-jam woodland range indicate that P. airoides and Aira cupaniana, a functionally similar exotic grass in this system, are positively associated with native species richness both at regional and local scales (Lai et al. 2015) . Further studies of P. airoides (and Aira species) in combination with more native species are needed to draw general conclusions about the potential importance of these exotics in maintaining native diversity in these communities.
Exotic 'eccentric' H. glabra and native forb W. nitida
Overall, both forbs, whether native or exotic, displayed higher intraspecific density-dependent mortality than the exotic annual grasses, which demonstrated negligible selfthinning. By contrast, W. nitida exhibited strong contest competition (Crawley and Ross 1990) , resulting in taller (but not more massive) survivors under intense intraspecific competition (personal communication) potentially indicating compensatory growth, consistent with previous suggestions that competition for light may be key in regulating competitive outcomes for forbs in this system, particularly under moist, P-enriched conditions (Dwyer et al. 2015) .
This potential for self-limitation is reflected in observed patterns of co-occurrence over local scales in the field based on natural species abundances. W. nitida is a widespread species positively associated with native annual plant species richness in York gum-jam woodlands (Lai et al. 2015) . Like many annuals native to semi-arid systems, the abundance of W. nitida is potentially co-regulated by biotic interactions and seed dormancy mechanisms which buffer the effects of interannual climate variation (Chesson 2000) . H. glabra, while also fairly ubiquitous in York gum-jam woodlands, is unlike many other exotic annuals in this system in that it is not associated with soil eutrophication, nor is it associated with reduced species richness (Lai et al. 2015) . Because it does not show evidence of dormancy or seedbank formation (Baker and O'Dowd 1982) , we suspect that additional density-dependent processes such as herbivory may be involved in regulating its abundance in the field.
Conclusion
Here, we have documented a range of interaction dynamics that are entirely consistent with the invasion outcomes and diversity patterns observed in natural York gum annual communities. There are clearly myriad potential outcomes of interactions among different species over small scales, depending both on species-specific attributes and the density of the community.
Rather than focusing on the outcomes of one type of interaction using species pairs, we revealed a diverse suite of interaction outcomes in monocultures, pairs and three-species mixtures. Our results suggest that neutral and positive interactions between exotics and natives may be more prevalent than is currently appreciated. Further, this study provides insight into the diverse processes relevant to the assembly of communities comprising native and exotic species. Future research should be directed towards clarifying the importance of these interactions relative to other processes in promoting the stability of complex novel communities. 
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